Optical evidence for mass enhancement of quasiparticles in pyrochlore Cd 2 Re 2 07 
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We report on the results of optical studies of the newly discovered superconductor Cd2Re207 in 
the normal state. We show that the compound has an exotic metallic state at low temperature. The 
optical conductivity spectrum exhibits two distinct features: a sharp renormalized resonance mode 
at zero frequency and a broad mid-infrared excitation band. Detailed analysis reveals a moderate 
enhancement of the effective mass at low temperature and low frequency. 



PACS numbers: 71.27.+a, 74.25.Gz, 74.70.Tx 

The magnetically frustrated pyrochlore oxides, which 
have a general formula A2B2O7 where B stands for a 
transition metal, have attracted considerable interest re- 
cently. The B cations are six-fold coordinated and lo- 
cated within distorted octahedra. Those octahedra are 
corner-sharing and form a three-dimensional network. 
|jj Many of the compounds undergo a metal to non- 
metal transition without an associated structural change. 
Cd2Re207 is one of a few exceptions, which displays 
solely metallic behavior below room temperature. This 
compound undergoes a second-order phase transition 
at around 200 K and enters a better metallic state in 
low temperature. [0 Very recently it was found that 
Cd2Re2C>7 becomes superconducting below 2 K. This 
makes this compound the first superconductor in the py- 
rochlore family. |3|-|5| It is of great interest to investigate 
the peculiar electronic state lying behind the supercon- 
ductivity. For this purpose we have investigated the op- 
tical properties of the compound at different tempera- 
tures in the normal state. An exotic metallic phase with 
strongly correlated electrons was revealed in the study. 

The single crystals of Cd2Re207 were grown using a 
vapor-transport method described in detail in ref [gj. 
They were well characterized by x-ray diffraction, elec- 
tron diffraction, resistivity, specific heat and magnetic 
susceptibility measurements, showing superconductivity 
below T c ~ 1.5 K. [HHJ^] The crystal structure is face- 
centered cubic. Near normal incidence reflectivity spec- 
tra, R(w), were measured from 30 to 40000 cm -1 on a 
natural growth surface normal to the a-axis. Standard 
Kramers-Kronig transformations were employed to de- 
rive the frequency-dependent conductivity and dielectric 
function. 

Cd2Re2C>7 exhibits an unusual temperature-dependent 
dc resistivity in the normal-state: it is almost T- 
independent at high temperature but decreases rapidly 
below 200 K. The behavior, displayed in the inset of Fig. 
1, is inconsistent with the traditional electron- phonon 
scattering mechanism, which should yield a linear T- 
dependent behavior at high temperature. Below 50 K, 



the dc resistivity follows an approximately quadratic T- 
dependence, implying electron-electron scattering and a 
Fermi-liquid-like state at low temperature. The reflec- 
tivity data at 300 K, 150 K and 24 K are shown in Fig. 
1. We note immediately that the reflectivity in the far- 
infrared spectral range increases with decreasing tem- 
perature, characteristic of metallic response. However, 
the reflectivity in the mid-infrared range decreases with 
decreasing temperature. This suggests a redistribution 
of spectral weight with decreasing temperature, which 
should be seen more clearly in the frequency-dependent 
conductivity spectra. The reflectivity at high frequency 
is T-independent. A plasma edge minimum is seen at 
frequency close to 15000 cm -1 . 

The real part of the conductivity, ai(u>), is shown in 
Fig. 2. We use the Hagen- Rubens relation for the low 
frequency extrapolation in the Kramers-Kronig analysis. 
The conductivity spectrum at room temperature exhibits 
a number of phonon modes (170 cm -1 , 280 cm^ 1 , 372 
cm -1 , 570 cm -1 ) together with broad electronic exci- 
tations, pf] As temperature decreases, <j\{uj) is signifi- 
cantly enhanced in the far-infrared range through spec- 
tral weight shifted from mid-infrared electronic excita- 
tions below 3300 cm -1 . From the spectrum at 24 K, one 
can identify two distinct features: a narrow Drude-like 
resonance at lo=0 and very broad mid-infrared excita- 
tions. We emphasize here that the Drude-like peak is not 
a consequence of the low-frequency extrapolation since it 
is found that different extrapolations almost do not af- 
fect the spectra in the measured frequency range. The 
conductivity spectra differ markedly from the optical re- 
sponse for a simple metal. The observation highlights 
the many-body nature in the coherent metallic state of 
Cd2Re2C>7 at low temperature. We noticed that the con- 
ductivity spectra resemble those of heavy-Fermion (HF) 
systems where similar and even narrower resonances are 
found in the low frequency conductivity in nearly all 
HF metals. In addition to the effect induced by the 
electron-electron correlation, the electron-phonon inter- 
action seems to be strong at low temperature as well. 
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FIG. 1. The frequency dependent reflectivity of Cd2Re207 
at 300 K, 150 K and 24 K. The lower inset shows the dc re- 
sistivity as a function of temperature. The upper inset shows 
the Drude-Lorentz fit to the low-T reflectivity curve over a 
broad frequency range. 

Except for the phonon mode at 570 cm -1 , almost all 
other phonon modes shift to higher frequencies (harden- 
ing) in low temperature metallic state. A new phonon 
mode appears at 340 cm -1 at 150 K and 24 K. This 
is consistent with the electron diffraction measurement 
which indicated a structural modulation associated with 
the phase transition at 200 K. || 

To isolate the different components of the electronic 
excitations, we fit simultaneously R(u>) and crx(u>) at 24 
K to a sum of a Drude term and Lorentz oscillators. This 
will reduce the uncertainty caused by the extrapolation 
in Kramers-Kronig analysis. The general formula for the 
complex dielectric function is B 
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where eoo is the dielectric constant at high frequency, 
lu* and Tjj in the Drude term are the plasma frequency 
and the relaxation rate of the free charge carriers, while 
ujj , Tj , and ui p j are the resonance frequency, the damp- 



ing, and the mode strength of the Lorentz oscillators, 
respectively. As shown in the inset of fig. 1 and fig. 2, 
both the R(u>) and a\(uj) can be well fit to a Drude 
part and two Lorentz oscillators over a broad frequency 
range. || The Drude component has a plasma frequency 
of oj*=6800 cm -1 and width 21 cm -1 . The Lorentz pa- 
rameters are w p .i=35350 cm -1 , ri=9000 cm -1 , wi=400 
cm" 1 , and u Pi2 =5500 cm -1 , L 2 =1910 cm -1 , w 2 =3270 
cm -1 . We can see that the Drude part, though domi- 
nating the static conductivity, has only a fraction of the 
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FIG. 2. The frequency dependent conductivity of 
Cd 2 Re 2 7 at 300 K, 150 K and 24 K. Inset shows the 
Drude-Lorentz fit to the low-cj conductivity spectrum at 24 
K. 



total spectral weight below the frequency of reflectivity 
minimum. 

From the fitting parameters of the Drude component, 
the estimated conductivity at static limit, in terms of the 
simple Drude model, is around 38500 Q cm . This is 
in agreement with the reported dc resistitivity data. || 
The dc experimental data at 24 K in our measurement 
(see the inset of fig. 1) is about 34000 £! -1 cm -1 , which 
is a bit smaller than the zero-frequency extrapolation of 
the optical data. However, such discrepancy is within the 
systematic errors of experiments. Since the reflectance 
at far- infrared region is close to unit, the uncertainty of 
the reflectance even within 0.5% could give substantial 
difference of conductivity in static limit. In addition, the 
uncertainty of the geometric factors also adds some errors 
to the dc resistivity data . 

An alternative way of making quantitative compar- 
isons between the low-frequency resonance mode and 
overall spectral weight below the interband transition 
is to sum the spectral weight under the conductivity 
spectrum. The unscreened optical plasma frequency 
can be estimated by summing the spectral weight below 

the frequency of interband transition, 8 J a\(uS)<ko = 
Airne 2 /niB = wi,, where u' is a cutoff frequency. By 
integrating the conductivity to 15000 cm" 1 where the 
conductivity spectrum shows a well-defined minimum, 
we get uip— 3 x 10 4 cm -1 . This value is approximately 
the same for calculations at the three different temper- 
atures. This plasma mode is clearly seen in the optical 
reflectivity as the high frequency plasma edge and in the 
real part of dielectric function as a zero-crossing at high 
frequency. Similarly, by applying sum-rule arguments, 



2 



-100 



-200 



-300 



-400 -5 




-500 



0.0000 0.0001 0.0002 0.0003 0.0004 

co 2 (cm 2 ) 
-fh 



1000 2000 3000 120001600020000 

co (cm 1 ) 

FIG. 3. The frequency dependence of the dielectric func- 
tions of Cd 2 Re 2 07 at 300 K, 150 K and 24 K. The 
high-frequency plasma mode is seen as the zero-crossing fea- 
ture at uj fa 15000 cm -1 . Inset shows the ei vs l*j~ 2 plot at 
low temperature. 

we can calculate the spectral weight below the narrow 
Drude-like mode and obtain another plasma frequency 
as uj* 2 — Airne 2 /m* — 8f^ c ai(uj)duj, where m* is the 
effective mass at low frequency and lu c is another cut- 
off frequency only for the narrow Drude-like mode. The 
value of uj* we obtained is 6720 cm' 1 . This value is close 
to the one we obtained from the above Drude-Lorentz fit, 
but is significantly smaller than the unscreened plasma 
frequency. 

The occurrence of a sharp and narrow resonance mode 
at uj=0 together with very broad mid-infrared excita- 
tions in the optical conductivity of strongly correlated 
systems was widely explained in terms of the renormal- 
ized quasi-particles in the many-body picture. [jui|-fl2"[ It 
was suggested that the finite energy modes, basically con- 
taining all the spectral weight at high temperature, are 
associated with the unrenormalized band mass m^. As 
the temperature is lowered, correlation effects dressing 
the free charge carriers are manifested through the redis- 
tribution of the spectral weight between the higher and 
lower frequency. The sharp and narrow Drude-like com- 
ponent appears as a consequence of the enhancement of 
both the effective mass and the scattering time. With 
the assumption that the total charge-carrier density does 
not change with temperature, it is possible to directly es- 
timate the enhancement of the effective mass by m*/ms 
= ujp/ui* 2 , which gives value of 20. Indeed, specific heat 
measurements on Cd2Re20y indicated an enhanced elec- 
tronic specific heat coefficient, 7 ~ 30 mJ/mol-K 2 . [^|J|] 
The behavior of the upper critical field H C 2 vs T also 
indicates that the Cooper pairs are composed of rather 



heavy quasiparticles. Qualitatively, the optical measure- 
ment is in agreement with the enhancement picture of 
effective mass. 

It should be noted that the enhancement factor 
m'/raj refers to the enhanced effective mass in relation 
to the band mass, which could be significantly larger than 
the free-electron mass m e . Jl^,|l^] According to the avail- 
able band structure calculation of this material, pl| the 
Fermi surfaces consist of nearly spherical electron pock- 
ets centered at T point and very heavy hole section at the 
zone boundary. The calculated density of states near 
is derived mainly from the heavy hole bands, which pro- 
duces the bare band specific heat coefficient as large as 
7=12.4 mJ/mol K 2 . Comparing with the measured value 
of 30 mJ/mol K 2 , we obtain a mass enhancement due to 
many-body effect m*/ms=2.4. However, this value is 
much smaller than the value of 20 obtained from opti- 
cal conductivity analysis which is solely due to the elec- 
tron correlation effects. One possible explanation for the 
contradiction is that the mass enhancements in specific 
heat and transport are associated with different bands in 
the electronic structure. The mass enhancement in spe- 
cific heat mainly comes from the heavy hole sheets with 
small correlation effect, on the other hand, the trans- 
port is dominated by the light electron band with strong 
renormalization effect by electron correlations. The later 
argument is also supported by Hall effect measurement. 

1 

Fig. 3 shows the real part of the dielectric function, 
ei(cj), as a function of frequency. The zero-crossing 
frequency at around 15000 cm -1 , corresponding to the 
plasma edge in the reflectance spectrum, represents the 
screened overall plasma frequency. The contribution of 
the broad mid-infrared bands to the real part of the di- 
electric function, ei(w), varies very slowly with ui over 
a large frequency range below the frequency of zero- 
crossing. The low-frequency £i{uj) at high temperature 
can become even positive because of the contributions 
from phonon modes and some localized effect of quasi- 
particles. 

Let us analyze the low-T spectrum of £i(uj) in the low 
frequency range due to the contribution from the renor- 
malized Drude-like component. Because the contribution 
of the broad mid-infrared bands to £i(uj) varies slowly in 
w, in the case of w > the real part of dielectric func- 
tion, in terms of equation (1), can be approximated as 
e\{ui) fa e x — uj* 2 /uj 2 , where e x represents a background 
dielectric constant at a high frequency determined by 
and contributions from broad mid-infrared excitations. 
Then, the slope in a ei vs uj~ 2 plot will provide the value 
of the uj* 2 for the renormalized Drude-like component. 
The inset of Fig. 3 shows the e\ vs uj~ 2 plot. The solid 
and dash lines are the experimental and the linear fit to 
the data. The value of uj* extracted is 6620 cm -1 , which 
is in good agreement with those determined in the above 
analysis. 
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FIG. 4. The frequency dependence of the quasiparticle ef- 
fective mass and scattering rate of Cd2Re207 at 300 K, 150 
K and 24 K. 



The frequency-dependence of the scattering rate as 
well as of the effective mass can be alternatively deter- 
mined by using the generalized Drude model by 
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where u>p is the unscreened overall plasma frequency. 
This analysis is also quite often used to quantify the 
renormalization effect of electronic correlation in HF ma- 
terials. [|l2|Jl3|Jl^1 The derived spectra of the effective 
mass and of the scattering rate with uj p =3 x I0 4 cm -1 
are plotted in Fig. 4. At room T, the spectra of 1/t de- 
pends weakly on to. As T lowered, the 1/t is suppressed 
at low-w. In accord with this, the effective mass is en- 
hanced. We observed m'/m^ « 20 for T=24 K, which 
is well in agreement with the value obtained above. 

Our study revealed unambiguously the renormaliza- 
tion effect by strong electron correlation in Cd2Re207, 
which makes the optical response quite similar to other 
HF materials. The major difference is that here the ef- 
fective mass is relatively smaller than typical HF metals 
with 4f and 5f electrons. This is understandable consider- 
ing the fact that the heavy electrons in correlated system 
originate, in general, from the interaction of the localized 
f or d electrons with the bands of delocalized electrons. 
This leads to the strong mixing, or hybridization, of the 
Fermi electrons with the localized f or d electrons. The 
final result is a renormalization of the Fermi surface and 



a drastic enhancement of the effective mass of free band 
electrons at Ei?. Cd2Re2 0y is a transition-metal system 
with 5d electrons. The 5d wave function is much more 
spatially extended than 4f or 5f electrons, which naturally 
results in a relatively smaller m*/ms. We speculate that, 
similar to other heavy Fermion superconducting materi- 
als, the superconductivity observed in this material is due 
to the condensate of those relatively heavy electrons. 

Finally we remark that Cd2Re2C>7 is not the unique 
oxide material exhibiting an enhancement of the effec- 
tive mass at low temperature. The metallic mixed- valent 
compound LiVC>4, which also has the pyrochlore lattice 
of transition metal V, is another example showing un- 
usual and strong HF behavior at low T. It should be 
noted that, in such oxide materials, both the localized 
electrons and delocalized band electrons should originate 
from the d electrons of the transition metals. At present, 
the physical origin of the heavy quasiparticle excitations 
is far from clear. It is suggested that it differs consider- 
ably from that of other known HF systems. Jlt],[L8| 

In conclusion, our optical study reveals that the low- 
T metallic state of Cd2Re2C>7 is quite different from a 
simple metal. The spectra consist of two distinct charge 
excitations: a sharp renormalized resonance mode at zero 
frequency and broad mid-infrared excitation. The analy- 
sis reveals a moderate enhancement of the effective mass 
at low temperature and frequency. We compare the op- 
tical effective mass enhancement with that from ther- 
modynamical data. Our analysis suggests that different 
bands in the electronic structure are associated with the 
enhancements of specific heat and transport. 
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